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The Drosophila HOM-C genes encode transcription factors containing the DNA-binding homeodomain. Mutations in the
HOM-C genes can cause specific homeotic transformation, suggesting that the HOM-C genes determine segmental
identities by acting on different target genes. However, misexpression of several HOM-C genes in the antenna disc causes
similar antenna-to-leg transformations. Here we show that the Scr, Antp, Ubx, and abd-A HOM-C genes all exert their
ffects through a common mechanism: suppressing the transcription of the homothorax (hth) homeobox gene and thereby
reventing the nuclear localization of the Extradenticle homeodomain protein. We also show that ectopic hth expression
an cause duplication of the proximodistal axis of the antenna, suggesting that it is involved in proximodistal development
f the antenna. © 1999 Academic Press
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Homeotic genes specify the developmental fates of body
segments in Drosophila. Mutations in these genes can
cause the transformation of one body segment into the
structure of another segment (reviewed by McGinnis and
Krumlauf, 1992). Many homeotic genes are clustered in two
regions on the third chromosome: the Antennapedia com-
plex (ANT-C) contains the labial (lab), proboscipedia (pb),
eformed (Dfd), Sex comb reduced (Scr), and Antennape-
ia (Antp) genes, and the Bithorax complex (BX-C) contains
he Ultrabithorax (Ubx), abdominal-A (abd-A), and
bdominal-B (Abd-B) genes (reviewed by Akam, 1989).
hese clustered homeotic genes are called the HOM-C
enes. It was proposed that the HOM-C genes act as selector
enes to select one developmental pathway versus another
athway (Garcia-Bellido, 1975). The antenna-to-leg trans-
ormation phenotype of the Antennapedia-Nasobemia
AntpNS) mutant is a classical example of homeotic trans-
ormation. This gain-of-function mutation results in the
1 Current address: Department of Biology, The Johns Hopkins
University, Baltimore, MD 21218.q
2 To whom correspondence should be addressed. E-mail:
byhsun@ccvax.sinica.edu.tw.
268ctopic Antp expression in the antenna disc (Jorgensen and
arber, 1987). Experimentally induced ectopic Antp expres-
sion also results in the same homeotic transformation
(Schneuwly et al., 1987). Normally Antp is expressed in the
leg discs but not in the antenna disc (Wirz et al., 1986).
Loss-of-function Antp mutant clones in the legs cause a
leg-to-antenna transformation (Struhl, 1981). Thus it was
suggested that Antp suppresses the antennal pathway and
by default selects the leg pathway of development (Struhl,
1981).
It was unexpected to find that ectopic expression of
several other HOM-C genes (Scr, Ubx, abd-A, and Abd-B)
in the antenna disc can also cause a similar antenna-to-leg
transformation (Mann and Hogness, 1990; Kuhn et al.,
1993; Kuziora et al., 1993; Zhao et al., 1993; Casares et al.,
1996). No HOM-C genes were reported to be normally
expressed in the eye–antenna disc proper (Wirz et al., 1986;
Brower, 1987; Martinez-Arias et al., 1987; Diederich et al.,
1991; Randazzo et al., 1991; Kuhn et al., 1993; abd-A
xpression in imaginal disc is not known). If Antp sup-
resses an antenna-determining gene, then these other
OM-C genes may act similarly.
The homeodomain protein Homothorax (HTH) is re-
uired for the nuclear localization of another homeodomain
0012-1606/99 $30.00
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269homothorax Suppression by HOM-C Genesprotein, Extradenticle (EXD) (Rieckhof et al., 1997; Kurant
et al., 1998; Pai et al., 1998). hth and exd mutant clones in
he antenna result in antenna-to-leg transformation
Gonzalez-Crespo and Morata, 1995; Rauskolb et al., 1995;
ai et al., 1998), similar to those caused by misexpression of
he HOM-C genes. Azpiazu and Morata (1998) showed that
isexpression of Ubx or mouse Hoxd10 (an Abd-B or-
holog) in the antenna disc blocks EXD nuclear localization.
asares and Mann (1998) showed that Antp misexpression
n the antenna disc suppresses HTH and EXD. In this study
e show that at least four HOM-C genes (Antp, Ubx, Scr,
nd abd-A) can suppress HTH and nuclear EXD (nEXD) in
he antenna disc, that the suppression of hth is at the
ranscription level, and that this suppression is primarily
esponsible for the antenna-to-leg transformation. Our re-
ults, together with the previous report (Casares and Mann,
998) that ectopic hth expression can induce ectopic an-
enna formation, indicate that hth and exd are important
egulators of antennal development.
In both antenna and leg discs, HTH and nEXD are
xpressed in the peripheral region (Gonzalez-Crespo and
orata, 1995; Rieckhof et al., 1997; Pai et al., 1998), while
istal-less (Dll) is expressed in the central region (Diaz-
enjumea et al., 1994). In leg development, their expression
efines the proximal (HTH and nEXD expression) and distal
Dll expression) domains (Gonzalez-Crespo and Morata,
996; Gonzalez-Crespo et al., 1998; Abu-Shaar and Mann,
998; Wu and Cohen, 1999). In this study, we show that
ctopic hth expression can cause duplication of the anten-
al proximodistal axis, suggesting that hth also functions in
he proximodistal development of the antenna.
MATERIALS AND METHODS
Fly Stocks
UAS-Antp, UAS-Dll, and UAS-Dfd were generous gifts from
Tom Kaufman, Isabel Guerrero, and Bill McGinnis, respectively.
UAS-Scr and UAS-abd-A were generous gifts from Matthew Scott.
UAS-Ubx.Ia.C and AntpNS were obtained from the Bloomington
tock center. UAS-hth and hth1422-4 have been described (Pai et al.,
1998). hth mutant clones were generated as previously described
(Pai et al., 1998). Three alleles, hthP2, hthP1-d15, and hthP1-K6-1, were
used and gave similar results.
Immunohistochemistry
Mouse anti-UBX, anti-ANTP, and anti-SCR monoclonal anti-
bodies were generous gifts from Der-Hwa Huang. Rabbit anti-HTH
antiserum has been described (Pai et al., 1998). Antibodies against
XD, DLL, and DAC were generous gifts from Rob White, Steve
ohen, and Graeme Mardon, respectively. Rabbit anti-b-GAL
ntiserum was purchased from Cappel (Durham, NC). Immunohis-
ochemical staining of the imaginal discs and confocal microscopy
ere carried out as previously described (Pai et al., 1998).
Copyright © 1999 by Academic Press. All rightRESULTS
Ectopic Expression of Four HOM-C Genes
Suppressed hth Transcription in Antenna Disc
Loss-of-function hth mutations and misexpression of
OM-C genes produce the same antenna-to-leg transforma-
ion phenotype. Since in the antenna disc the HOM-C genes
re not normally expressed, while HTH and nEXD are
xpressed, we tested whether their antagonistic relation-
hip occurs at the level of expression suppression.
We first tested whether hth suppresses the expression of the
OM-C genes. In late second instar hth is expressed in all
ells in the antenna disc and in third instar becomes restricted
o the more proximal domain (not shown; Casares and Mann,
998). hth loss-of-function mutant clones were generated in
arly first instar and examined in late third-instar antenna
iscs. ANTP, UBX, and SCR proteins were not detected above
ackground level in the clones (data not shown), indicating
hat hth does not normally suppress their expression. Casares
nd Mann (1998) also found that ANTP, SCR, and UBX are not
xpressed in hth or exd mutant clones.
We next tested whether HOM-C genes repress hth expres-
ion when ectopically expressed in the antenna disc. In the
ain-of-function AntpNS mutant, Antp was ectopically ex-
ressed in the antenna disc, and HTH protein level was
educed in the region of Antp ectopic expression (Fig. 1A).
ntp misexpression can be induced by the GAL4/UAS system
Brand and Perrimon, 1993). dpp-GAL4 drove expression in a
orsal sector of the antenna disc (Fig. 1O), starting at least in
he second instar (not shown). UAS-Antp driven by dpp-GAL4
abbreviated as dpp:Antp) resulted in a reduced level of HTH
Fig. 1D). Similar results (Figs. 1G, 1J, and 1M) were found
hen Ubx, abd-A, and Scr were misexpressed in the antenna
isc (driven by dpp-GAL4). Suppression of hth occurs at the
ranscriptional level, since the expression of a hth enhancer
rap reporter (hth1422-4) was also suppressed (Figs. 1C, 1F, 1I, and
1L; suppression by Scr not tested). In these situations, the EXD
level was also reduced (Figs. 1B, 1E, 1H, 1K, and 1N), an effect
presumably due to failure of its nuclear import which requires
hth function (Rieckhof et al., 1997; Pai et al., 1998; Kurant et
al., 1998). Casares and Mann (1998) similarly found that Antp
suppresses HTH and nuclear EXD, while Azpiazu and Morata
(1998) showed that misexpression of Ubx and mouse Hoxd10
in the antenna inhibits EXD nuclear localization.
Not all HOM-C genes have the same effect on antennal
development. The pb and Dfd genes fail to induce antenna-
o-leg transformation when misexpressed in the antenna
isc (hs-pb and hs-Dfd: Chadwick et al., 1990; Chouinard
and Kaufman, 1991; Cribbs et al., 1995; dpp:pb: Aplin and
Kaufman, 1997). There is no report on an antennal pheno-
type of hs-lab. This inability to transform is unlikely to be
due to an insufficient expression level, since the antenna is
transformed to maxillary palp by hs-pb and dpp:pb, and a
strong head defect can be caused by hs-Dfd. We induced
strong Dfd expression in the antenna disc using the dpp-
GAL4 driver. The adult antennal third segment was en-
s of reproduction in any form reserved.
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270 Yao et al.FIG. 1. Antp/Scr/Ubx/abd-A ectopic expression in the antenna disc suppresses hth at the transcription level. (A–C) In the AntpNS antenna
disc, ANTP (red) was ectopically expressed, and HTH (A, green), EXD (B, green), and hth1422-4 lacZ reporter expression (C, X-gal staining)
ere suppressed in the corresponding regions. (D–F) Ectopic Antp expression (red, anti-ANTP stain) in the antenna disc driven by dpp-GAL4
uppressed HTH (D, green), EXD (E, green), and hth-lacZ (F, green, anti-b-GAL). (G–I) Ectopic Ubx expression (red, anti-UBX stain) in the
antenna disc driven by dpp-GAL4 suppressed HTH (G, green), EXD (H, green), and hth-lacZ (I, green, anti-b-GAL). (J–L) Ectopic abdA
xpression in the antenna disc driven by dpp-GAL4 (J and K, red, stained by anti-b-GAL for dpp-lacZ) suppressed HTH (J, green), EXD (K,
green), and hth-lacZ (L, green, anti-b-GAL). (M and N) Ectopic Scr expression (red, anti-SCR) in the antenna disc driven by dpp-GAL4
uppressed HTH (M, green) and EXD (N, green). (O) dpp-GAL4 drove expression (of UAS-GFP, green) in the posterior and lateral margins
n the eye disc and in a dorsal sector in the antenna disc. Sometimes expression along the dorsal margin was also detected (e.g., in M, N,
nd O). dpp-lacZ (red, anti-b-GAL) was expressed in the same (but slightly smaller) antennal region and in the morphogenetic furrow in the
ye disc. The antenna discs in (A–C) and in (D–N) are shown in two- and fourfold higher magnification than in (O), respectively. All discs
ere roughly oriented with dorsal to the top and anterior to the right.
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271homothorax Suppression by HOM-C Geneslarged but not transformed to a leg (Fig. 2A). Unlike the four
HOM-C genes, dpp:Dfd caused ingrowth of the antenna
disc tissue (Fig. 2B). The suppressive effects on HTH and
EXD were relatively weak: there was only a weak reduction
of the HTH level (Figs. 2C and 2D), and although EXD was
significantly suppressed in some cells, there was significant
overlap of DFD and EXD expression (Figs. 2E and 2F).
Coexpression of hth Reverted the HOM-C-Induced
Antennal Transformation
FIG. 2. Antennal expression of the Dfd HOM-C gene caused weak
suppression of HTH and EXD but no antennal transformation. (A)
Ectopic expression of the Dfd HOM-C gene in the antenna disc driven
by dpp-GAL4 caused enlargement of the third antennal segment, but
no transformation toward a leg fate. Unlike the other HOM-C genes,
Dfd expression caused ingrowth of the antenna disc tissue (B, stained
by the DNA dye SYTOX) and only weak suppression of HTH (C and
D) and EXD (E and F). The dpp expression domain is shown by
anti-b-GAL staining of a dpp-lacZ marker (red in D and F).If hth is a key effector suppressed by these four HOM-C
genes, addition of hth should reverse the antennal transfor-
s
T
Copyright © 1999 by Academic Press. All rightmation. Coexpression of the hth and HOM-C genes (both
driven by dpp-GAL4) completely or partially reverted the
transformation phenotype (Fig. 3). In all cases, the arista
was missing and the third antennal segment was often
duplicated, a phenotype due to the induced expression of
hth alone (Fig. 3F). These results clearly demonstrate that
the antenna-to-leg transformation by these four HOM-C
genes occurs primarily through a common mechanism:
suppression of hth expression at the transcription level,
thereby leading to the inability of EXD to enter nucleus. We
note, however, that suppression of hth is probably not the
only effect of HOM-C expression in the antenna disc, since
Scr, Antp, and Ubx each induce the antenna to transform
into leg showing different segmental characters (i.e., T1, T2,
and T3 legs, respectively; Schneuwly et al., 1987; Mann and
Hogness, 1990; Zhao et al., 1993). Additional effects must
determine the leg identity.
Ectopic hth Has a Negative Autoregulatory Effect
A possible mechanism for the suppression of hth by
different HOM-C proteins assumes that the HOM-C pro-
teins compete with a factor required for hth transcription
see Discussion). This putative factor is expected to have
he following properties: (1) its expression domain encom-
asses the hth expression domain, (2) it is required for
antennal development, and (3) it probably has a homeodo-
main whose DNA binding is competed by the HOM-C
proteins. One candidate protein that fits all of these criteria
is HTH itself. So we tested whether HTH has positive
autoregulatory activity. However, we found that in dpp:hth
the hth-lacZ reporter expression was suppressed in the
dorsal dpp-GAL4 expression domains (Fig. 4), indicating a
negative, rather than positive, autoregulation. Abu-Shaar
and Mann (1998) showed that hth transcription is upregu-
lated in exd mutant clones. Thus the hth-negative auto-
regulation is likely mediated through nuclear EXD. The
negative autoregulation appeared to be cell autonomous
and may serve to maintain a proper level of HTH–EXD
activity.
Ectopic hth Expression Induces Duplication
of Distal Antenna
dpp:hth caused deletion of the distal segments in the
antennae and legs, often accompanied by a duplication of
the third antennal segment (Fig. 3) or the proximal tarsal
segments (not shown). The duplicated third antennal seg-
ments were mirror-symmetric as judged from the scar left
by the missing arista. Although the duplicated antennae in
adult did not have an arista, in larval antennal discs the
duplication included the distal domain as defined by Dll
and dachshund (dac) expression (Fig. 5). The relative distri-
butions of DAC, DLL, and HTH are shown in Figs. 5A–5C.
The ectopic HTH was in the dpp domain, which is a dorsal
ector that did not overlap with the DAC domain (Fig. 5D).
he duplicated DLL/DAC domain was different from the
s of reproduction in any form reserved.
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272 Yao et al.endogenous domain in two ways: it was always located
posterior to the endogenous DLL/DAC domain, and DAC
was expressed in a filled-in circular region rather than an
arc (Figs. 5E and 5F). Thus the extra DLL/DAC domains
were apparently duplicate and not due to the splitting of the
endogenous domain.
DISCUSSION
A Unifying Mechanism for Antenna-to-Leg
Transformation Caused by Ectopic HOM-C
Expression
Our results show that the antenna-to-leg transformations
caused by ectopic expression of four HOM-C genes (Antp,
Scr, Ubx, and abd-A) act through a common mechanism:
suppression of the hth gene, which then leads to the failure
of EXD nuclear localization. Because misexpression of the
mouse Abd-B ortholog (Hoxd10) also suppresses EXD
nuclear localization (Azpiazu and Morata, 1998), Abd-B
probably also acts through hth suppression. For at least
hree of these HOM-C genes (Antp, Ubx, and abd-A), the
th suppression acts at the transcriptional level.
Mutations in a number of genes can also cause, enhance,
r suppress the antenna-to-leg transformation (Gelbart et
l., 1997). Many of these (trx, brm, mor, osa, sxc, Pcl, mxc,
ho, Su(z)2, esc) are members of the Polycomb group (Pc-G)
nd Trithorax group (Trx-G) of genes, which are known to
egulate HOM-C gene expression (Kennison, 1995). Thus
heir effects on antennal transformation (Duncan, 1982;
ngham, 1985; Glicksman and Brower, 1988; Kennison and
amkun, 1988; Brunk and Adler, 1990; Girton and Jeon,
994; Santamaria and Randsholt, 1995) probably result from
FIG. 3. Coexpression of hth and HOM-C can revert the antennal
B–E) dpp-GAL4-driven expression of Scr (B), Antp (C), Ubx (D), and
ransformation. (F) When dpp-GAL4 drove the expression of hth, t
ften duplicated. (G–J) When dpp-GAL4 drove the coexpression
henotype was partially reverted. The antennae were aristaless annduced ectopic HOM-C gene expression, which then sup-
resses hth expression. For example, Antp and Ubx are
c
a
Copyright © 1999 by Academic Press. All rightctopically expressed in the antenna disc in the esc2 mu-
ant (Glicksman and Brower, 1988). tsh mutations also
ause Antp misexpression in the antenna disc and enhance
the Antp antenna-to-leg transformation (Bhojwani et al.,
1997), possibly through suppression of hth.
In the embryo, exd transcription and EXD nuclear local-
ization are repressed by Ubx, abd-A, and Abd-B (Azpiazu
and Morata, 1998). The repression of EXD probably is
mediated via repression of hth expression, since hth dere-
pression was observed in abd-A and Ubx mutants (Kurant
et al., 1998). Indeed, we found that Ubx ectopic expression
can suppress hth in the thoracic segments (data not shown).
However, Scr and Antp have no effect on exd transcription
and EXD nuclear localization (Azpiazu and Morata, 1998).
Thus the relationship of hth/exd and HOM-C genes can be
different in different tissues. In the wing, haltere, and leg
discs, the hth expression domain largely overlapped with
that of Antp and Scr (not shown), indicating that Antp and
Scr do not suppress hth in these locations.
Two Competition Models
It is interesting that several HOM-C proteins can act on a
single target gene. A simple model to explain this phenom-
enon specifies that the different HOM-C proteins compete,
through their HDs, for a common DNA target required for
hth expression. Many studies showed that the different
HOM-C proteins bind to similar core DNA sequence (for
review, see Mann, 1995). It was also shown that the
antenna-to-leg transformation ability of ANTP requires the
HD (Gibson et al., 1990) and that HOM-C proteins can
erve as general transcriptional repressors (Pinsonneault et
l., 1997). Suppression of transcription by HOM-C proteins
formation caused by HOM-C expression. (A) A wild-type antenna.
-A (E) in the antenna disc caused various degrees of antenna-to-leg
ista was always missing, and the third segment was enlarged and
h and various HOM-C genes, the antenna-to-leg transformation
asionally duplicated, similar to the dpp:hth phenotype.trans
abd
he arompeting for common binding sites was reported (Appel
nd Sakonju, 1993).
s of reproduction in any form reserved.
s
e
b
c
t
a
o
s
c
Y
e
B
a
o
f
p
h
a
273homothorax Suppression by HOM-C GenesAlternatively, the HOM-C proteins may compete for
binding to a protein factor required for hth transcription and
equester it from activating hth expression. This squelching
FIG. 4. hth has negative autoregulation. Endogenous hth expres-
sion was monitored through X-gal-staining of the hth1422-4 enhancer
trap lacZ reporter gene. When ectopic hth expression was driven by
dpp-GAL4, endogenous hth expression was suppressed (arrows) in
antenna disc (A), wing disc (B), and leg disc (C). Note that the eye
disc was reduced (A), consistent with the reduced adult eye.ffect (Gill and Ptashne, 1988) may be mediated through the
inding of the HOM-C HD to a particular transcription
Copyright © 1999 by Academic Press. All rightoactivator and does not require binding of the HOM-C HD
o a DNA target. The distinction between these two models
waits further analysis.
It is interesting to note that in the eye disc misexpression
f many HOM-C genes (pb, Dfd, Antp, Scr, Ubx, abd-A) and
everal non-HOM-C homeobox genes (hth, exd, Dll) can all
ause reduction or absence of the adult eye (L.-C.Y. and
.H.S., unpublished results; Chadwick et al., 1990; Gibson
t al., 1990; Cribbs et al., 1992, 1995; Zhao et al., 1993;
enassayag et al., 1997). Whether these genes also suppress
n eye-determining homeobox gene (e.g., eyeless, eye gone,
r sine oculis) through a competition mechanism awaits
urther study.
Is hth the Antenna-Determining Gene?
Based primarily on three pieces of evidence, Casares and
Mann (1998) concluded that hth (acting with exd) is the
antennal selector gene, as follows. (1) hth loss-of-function
mutant clones in the antenna caused transformation to leg
structures, (2) ectopic expression of hth (driven by Dll-
GAL4) caused the anal plate to transform into antennal
structures, and (3) HTH level is suppressed by ectopic
ANTP in the antenna disc. Our results show further that
the hth suppression by HOM-C is functionally responsible
for the antennal transformation (Fig. 2), consistent with the
antennal selector role of hth. However, spineless (ss), a
bHLH-PAS gene, has similar properties (Duncan et al.,
1998): (1) loss-of-function mutations result in antenna-to-
leg transformation, (2) ectopic expression of ss (driven by
tc-GAL4) can cause ectopic antenna formation on the
ead, and (3) ectopic expression of Antp, Scr, Ubx, and
bd-A leads to repression of ss in the antenna. While both
hth and ss behave as antennal selector genes, hth is ex-
pressed in the proximal domain and ss is expressed in the
distal domain in the antenna disc (Duncan et al., 1998). So
they are unlikely to have a direct positive regulatory rela-
tionship. It is possible that hth and ss represent separate
pathways specifying antennal identity. Alternatively, there
may exist an as yet unidentified antenna-determining gene,
which is required for both hth and ss expression.
Since hth and ss are expressed in the leg discs as well as
in the antenna discs, it is not their simple presence that
determines antennal identity. So what distinguishes the
antenna versus the leg? One possibility is that the spatial
and temporal details of their expression make the distinc-
tion. The importance of detailed spatial and temporal
expression pattern has been discussed in the context of how
Ubx specifies two different segments (Castelli-Gair and
Akam, 1995; Castelli-Gair, 1998). hth expression extends to
the trochanter region in the leg disc (Wu and Cohen, 1999),
but is extended more distally into the AN3 region in the
antenna disc (Fig. 4; Casares and Mann, 1998). Casares and
Mann (1998) suggest that the broader expression pattern of
hth in the antenna disc distinguishes the antenna from the
legs. Duncan et al. (1998) suggest that the level of ss makes
the difference: high level of ss correlates with antennal
s of reproduction in any form reserved.
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274 Yao et al.identity and low level of ss correlates with leg identity. The
suppression of hth or ss in the antenna disc thus results in
an expression pattern that is more like the leg pattern. An
alternative possibility, as discussed above, is that there is
yet another factor whose expression or activity distin-
guishes antennae from legs.
hth Is Involved in Proximodistal Development
of the Antenna
In the antenna and leg discs, hth and nEXD are expressed
in the proximal region and are required for the development
of the proximal segments (Rauskolb et al., 1995; Gonzalez-
Crespo and Morata, 1995; Pai et al., 1998). Expression of hth
and exd in the distal region caused a deletion of the distal
structures (Fig. 2; Gonzalez-Crespo and Morata, 1996). In
contrast, Dll is expressed in the distal region and required
FIG. 5. Ectopic hth expression caused duplication of the distal ante
was expressed in an arc facing the dorsal side. Dll (green) expression
proximally. (B) DAC (red) and HTH (green) domains did not overla
Dll (red) in the distal region, there was a circular region of overlap. (
pp-lacZ reporter (green). It was in a dorsal sector that does not ove
pp domain (asterisk in E) and caused a duplication of the antenna
and F) expression domain in the distal region in the antenna d
omain (arrowhead in E and F). The duplicated DAC domain (ar
istalmost region. Both the endogenous and the duplicated domainor its development (Cohen and Jurgens, 1989a,b; Gorfinkiel
t al., 1997). The roughly complementary expression of
Copyright © 1999 by Academic Press. All rightth/nEXD and Dll defines the proximal and distal domains
f the appendages, respectively (Gonzalez-Crespo and Mo-
ata, 1996). In the leg discs (Gonzalez-Crespo et al., 1998;
bu-Shaar and Mann, 1998; Wu and Cohen, 1999), the
ombined action of WG and DPP signaling defines the two
omains by activating Dll and repressing hth (hence nEXD)
n the distal domain. In the proximal domain, HTH and
EXD then block WG and DPP activities.
Although hth and exd are not normally expressed in the
istal aristal region of the antenna disc, their mutant clones
n the antenna cause transformation to leg structures that
nclude the most distal part, the claw (Gonzalez-Crespo and
orata, 1995; Rauskolb et al., 1995; Pai et al., 1998),
suggesting that hth and exd can have nonautonomous effect
on distal development. Antenna duplication due to dpp:hth
can be explained by the juxtaposition of distal (Dll express-
ng) and proximal (hth expressing) cells. In dpp:hth, hth
(A–D) Expression patterns in wild-type antenna disc. (A) DAC (red)
ain includes the DAC domain and extends more distally and more
) Although HTH (green) was expressed in the proximal region and
p expression domain was visualized by anti-b-GAL staining of the
with DAC (red). (E and F) dpp:hth induced HTH (green in E) in the
d segment (Fig. 3F) and a duplication of the DLL and DAC (red in
he dorsally oriented DAC arc represented the endogenous DAC
in E and F) was different in that it was completely filled in the
ve Dll expression (green in F).nna.
dom
p. (C
D) dp
rlap
l thir
isc. Texpression extends into the distal domain, creating a new
proximodistal (P/D) interface, and results in the duplication
s of reproduction in any form reserved.
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275homothorax Suppression by HOM-C Genesof the P/D axis (Figs. 2 and 4). The P/D axis duplication was
similar to that caused by ectopic Dll expression in the
proximal domain (Diaz-Benjumea et al., 1994; Gorfinkiel et
al., 1997). The new P/D interface induces wg and dpp
xpression nonautonomously, which in turn probably ini-
iates a new P/D axis (Lecuit and Cohen, 1997; Gorfinkiel et
l., 1997).
We do not know why the duplicated antenna lacks the
rista. But we found that expression of hth in the Dll
omain (Dll:hth) also caused the absence of distal segments
n antenna and legs (data not shown). Distal leg truncation
ue to Dll:hth or Dll:exd was previously reported (Casares
and Mann, 1998; Gonzalez-Crespo and Morata, 1996). The
expression of hth in the most distal domain in antenna and
leg seems to be incompatible with its development.
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